Title: Effect of hypercapnia on self-sustained muscle activity
Introduction
In previous studies, it has been shown that plateau potentials can be measured by electromyography (EMG) signals in animals (Crone et al. 1988; Gorassini et al. 1999;  2.1. Subjects 1 2 Nine healthy males, with a mean (± standard deviation) age of 29 ± 8.4 years, 3 who had never had a nervous or motor disorder participated in the present study. All of 4 the subjects provided informed consent for participation in the study. This study was 5 approved by the Human Research Ethics Committee of the Graduate School of Education, 6 Hokkaido University. In the experiment, each subject lay on a bed on his left side, and the subject's 11 right leg was placed on a cushion. The subject's right hip and knee joint were flexed 12 approximately 60°. The subjects were instructed to remain relaxed throughout the 13 experiment. Surface EMG signals were recorded from the soleus muscle (Sol) and from the medial head (MG) and lateral head (LG) of the gastrocnemius muscle of the right leg via rebreathing condition and a normal breathing condition, which were conducted on the 1 same day (Fig. 1) . The subjects remained relaxed for 152 sec (-90 to 62 sec) in each trial. 2 In the CO2 rebreathing condition, respiratory dead space (1500 ml) was added to the 3 respiratory mask from 30 sec after the initiation of the trial to the end of the trial (-60 to 4 62 sec) in order to make the subjects rebreathe expired CO2. In the normal condition, each 5 subject remained rested and spontaneously breathed room air through the respiratory 6 mask. At 90 sec after the start of a trial in the both conditions, 2-sec train stimulation was 7 delivered to the right tibial nerve. Then each subject remained relaxed for 60 sec after the 8 2-sec train stimulation in both conditions. This trial was repeated 6 times with intervals 9 of 5-10 min. During each interval, maximal M-wave (M-max) and Hoffmann's reflex (H-10 reflex) of the soleus muscle were measured three times and five times respectively. Three 11 of the 6 trials were performed in the CO2 rebreathing condition. Three trials in each 12 condition were sequentially performed and the order of the two conditions was random 13 among subjects. It has been shown that PaCO2 is increased by rebreathing expired air 14 through the increased respiratory dead space (Koppers et al. 2006; Smolka et al. 2014) . Electrical stimulation. While each subject remained reclined on the bed, the tibial nerve 17 was percutaneously stimulated by applying a rectangular electrical pulse of 1 msec in duration to the popliteal fossa using a constant current stimulator (DS7AH, Digitimer Ltd, 1 UK). Sustained muscle activity was elicited by 50-Hz electrical train stimulation for 2 sec 2 (Nozaki et al. 2003) . In this study, activity of the soleus muscle was mainly assessed 3 sample. Thus, the stimulation intensity was 120% of the H-reflex threshold of the soleus 4 muscle. The cathode of the stimulation electrodes was secured to the right leg popliteal 5 fossa, and the anode was attached to the patella. The subjects were asked to ignore the 6 electrical train stimulation as much as possible. In order to measure M-max during 7 intervals between trials, the electrical stimulus delivered by the stimulator was increased 8 gradually until the M-wave of the soleus muscle reached a plateau while the subject was 9 at rest. The level of stimulation was then set 20% above this point to ensure maximal 10 activation of these muscles. Additionally, the stimulus intensity of H-reflex was 120% of 11 the H-reflex threshold of the soleus muscle during an interval.
13
Safety of subjects. In both respiratory conditions, the subjects were asked about their 14 sensation of dyspnea after recording self-sustained muscle activity using the modified 15 Borg scale (Borg 1982) in order to determine whether the experiment could be continued.
16
Using a pulse oximeter (PULSOX-300i, Konica Minolta, Japan), arterial oxygen was within safety level (over 90%). The root mean squares (RMSs) of EMG of the Sol, MG, and LG muscles were 5 calculated from 10-sec and 30-sec windows immediately before and after the train 6 stimulation. The RMSs in each respiratory condition were averaged by the 3 trials. The 7 magnitudes of M-max and H-reflex were measured as peak-to-peak amplitude and 8 averaged over 3 times and 5 times, respectively, for use in the following analyses. The 9 H-reflex amplitude was evaluated as percentage of M-max amplitude.
10
In order to obtain continuous data for arterial carbon dioxide pressure (PaCO2),
11
PaCO2 was calculated from PETCO2 using the formula of Jones et al. (1979) .
12
Predicted PaCO2 (PaCO2pred) = 5.5 + 0.90 PETCO2 -0.0021 tidal volume (VT).
13
To obtain continuous averaged data for changes in V ． E and PaCO2pre in all 14 subjects, the variables were interpolated second-by-second using the 3-dimensional spline 15 technique. The interpolated data were for the period from 30 sec before the start of CO2 16 rebreathing to 60 sec after the end of the train stimulation (i.e., a 152-sec period) in each PaCO2pred did not reach a plateau during the CO2 rebreathing period as shown in Fig. 2A .
10
The sensation of dyspnea was 4.3 ± 0.4 (moderate -very severe) in the CO2 rebreathing 11 condition. SpO2 decreased during CO2 rebreathing (93.6 ± 0.7%) compared to that during 12 normal breathing (97.8 ± 0.3%), but it did not reach a dangerous level.
13
M-max amplitudes, which were evoked before the start of each trial in both 14 conditions, were 9.6 ± 1.3 mV, 9.9 ± 1.3 mV and 10.1 ± 1.2 mV in the normal breathing 15 condition and 10.1 ± 1.2 mV, 9.9 ± 1.3 mV and 9.5 ± 1.3 mV in the CO2 breathing 16 condition. H-reflex amplitudes (%M-max) were 58.1 ± 7.1%, 57.8 ± 8.2% and 54.9 ± mV in the CO2 breathing condition. Two-way repeated measures ANOVA did not indicate 1 a significant interaction between conditions and trials for M-max and H-reflex ( Fig. 3) . conditions that were induced following electrical train stimulation in the same subject.
10
We attempted to measure self-sustained muscle activities for 1 min. However, in three 11 subjects, the activities in several trials were suppressed within 1 min. LG, from 1.7 ± 0.1 μV to 10.7 ± 2.7 μV; P < 0.05). In pre-train stimulation, there were no main effects or interactions between conditions and muscles for RMSs. In 1 post-train stimulation (i.e., during the sustained muscle activity), there was no significant 2 interaction between conditions and muscles for RMSs. RMSs of the CO2 rebreathing 3 condition were significantly larger than those of the normal breathing condition for all 4 muscles (P < 0.05), though there were no differences among muscles. The purpose of this study was to investigate the effect of hypercapnia on self-9 sustained muscle activity in humans. PaCO2pred showed an exponential increase 10 immediately after the start of CO2 rebreathing, and V ． E showed a constant increase about 11 30 sec after the rise in PaCO2pred ( Fig. 2A ). There were no differences between the two 12 conditions in V ． E and PaCO2pred before the start of the CO2 rebreathing period (Fig. 2B,   13 a 1 , b 1 ), indicating that the internal environment of the body was likely to be the same in 14 the two conditions until the start of CO2 rebreathing. An increase in PaCO2 is a stimulus 15 to activate central chemoreceptors located in the medulla (Whipp and Ward 1998).
16
Therefore, an increase of V ． E during CO2 rebreathing is thought to be due to activation of In order to induce self-sustained muscle activity, 2-sec train stimulation was 1 delivered to the right tibial nerve 3 times with intervals of 5-10 min in each condition. To 2 confirm that the electrical train stimulation electrode was in the same position in both 3 conditions, we measured M-max of the soleus muscle three times in each interval between 4 trials. In this study, the magnitude of M-max was not different among the trials (Fig. 3) .
5
Thus, the stimulation electrode position was not likely to be different among the trials.
6
Also, the magnitude of H-reflex of the soleus muscle, which was measured five times at 7 the same time as measurement of M-max, was not different among the trials. This 8 suggests that activities of peripheral nerves were not different among the trials before the 9 CO2 rebreathing period.
10
During the electrical train stimulation period, reflex responses were elicited in 11 the triceps surae muscles (Fig. 4) . Nozaki et al. (2003) found that although the first Hounsgaard et al. 1984 Hounsgaard et al. , 1988 . In the present study, we induced self-sustained muscle 1 activity by using the methods of Nozaki et al. (2003) . Reflex responses, which are similar 2 to those in the previous study, were elicited during train stimulation. Therefore, we 3 probably induced neuromuscular activity as self-sustained muscle activity that is likely to 4 be associated with plateau potentials.
5
We attempted to measure self-sustained muscle activity of the triceps surae 6 muscle for 1 min in all subjects, but the sustained muscle activity was depressed within 1 7 min in three subjects. Thus, RMS of EMG of the Sol, MG, and LG muscles was calculated 8 from a 30-sec window immediately after the train stimulation. Although we could not 9 determine the cause of these results, we thought that sustained muscle activities of the 10 three subjects in several trials were suppressed by slight limb movement. Indeed, the 11 sustained muscle activity was suppressed after the measuring period by voluntary 12 dorsiflexion in our study. In a previous study, sustained muscle contraction that was 13 induced by the same methods as those used in this study was shown to be depressed by 14 electrical stimulation to an antagonist muscle nerve (Nozaki et al. 2003) . Therefore, it is 15 possibly because of slight contraction of an antagonist muscle such as the tibialis anterior 16 muscle that the sustained muscle activity was depressed within 1 min in the three subjects.
between the two conditions, while after stimulation, self-sustained muscle activities were 1 significantly larger for the CO2 rebreathing condition (Fig. 6 ). This suggests that an 2 increase in sustained muscle activity was not due to differences in EMG activity before 3 the train stimulation between conditions. with respiratory discomfort caused by doses of lobeline and/or inspiratory threshold 1 loading (Gandevia et al. 1998; Morélot-Panzini et al. 2007) . It is possible that emotion 2 alters the function of afferent fibers. With regard to serotonergic neurons, a link between 3 the 5HT neuron system and the "emotional" system has been shown (Bowker et al., 1982; 4 Holstege and Kuypers 1987) Therefore, further research in sleeping subjects to remove 5 the emotional effect on sustained muscle activity may be required (Collins et al. 2001) . 6 We measured self-sustained muscle activity for 30 sec in the two respiratory 7 conditions and evaluated the effect of hypercapnia on self-sustained muscle activity. 
